A degenerately repeated sequence, proximal to the telomere heptanucleotide repeat in maize, contains restriction enzyme sites that permit the separation of telomeres from the rest of the chromosomes. Probing with a telomere-specific oligonucleotide revealed genotype-dependent telomere lengths that vary more than 25-fold in maize among the 22 inbreds that have been surveyed. These lengths were found to segregate reproducibly in a recombinant inbred family where 50% of the variation can be accounted for by three loci. The dynamic control over telomere length in maize appears to act rapidly to achieve new genotypically determined telomere lengths in the F1. Clones of telomere proximal sequences were used to map restriction fragment length loci at the dista1 ends of eight of 20 chromosome arms.
INTRODUCTION
We have been augmenting a molecular map of the maize genome based on two recombinant inbred families (Burr and Burr, 1991) . One of our goals has been to define the ends of the linkage groups. Richards and Ausubel (1988) found that the telomere repeat in a number of higher plants, including maize, was 5'CCCTAAA-3'. The same sequence has been localized to rye telomeres by in situ hybridization (Schwarzacher and Heslop-Harrison, 1991) . Gana1 et al. (1991) determined that the C-rich strand consensus repeat for tomato telomeres was CCCT(T/A)AA. We used an oligonucleotide containing four tandem repeats of CCCTAAA to probe maize inbreds in the hope of finding restriction fragment length polymorphisms (RFLPs) that wouid allow us to map telomeres. We discovered that average telomere length was remarkably polymorphic between maize lines and appeared to be under tight genetic control within a given strain.
Telomeres perform at least two functions: they prevent chromosomes from fusing and they permit the stable replication of chromosome termini. These functions are apparently related to their particular structure and require that they be replicated by specialized processes. DNA polymerases synthesize DNA only in the 5' to 3' direction and require an RNA primer to begin. Once the primer is removed, there is no way to replace it. Without some special mechanism of synthesis, chromosome ends would shorten with each round of replication (Watson, 1972 ). An RNA-dependent DNA polymerase, first found in ciliates (Greider and Blackburn, 1985, 1987) , is responsible for extending the telomere repeat G-rich strand distally from the end of the chromosome and the sequence synthesized is determined by an RNA template bound to the enzyme. An RNA To whom correspondence should be addressed.
primer is then copied from the extended, single-stranded G-rich 3' end (Zahler and Prescott, 1989) . The C-rich strand is presumably filled in by a primer-mediated DNA polymerase more typical of eukaryotic chromosome replication. These steps apparently require additional specific telomere binding proteins (Gottschling and Zakian, 1986; Lustig et al., 1990) . A variety of gene products are involved in the synthesis, maintenance, and, probably, degradation of these structures. Telomere length is, therefore, likely to be determined by a number of genes.
RESULTS
Telomeric termini are not covalently closed and are uniquely sensitive to exonuclease digestion. As shown in Figure 1 , the variably sized fragments hybridizing to the d(CCCTAAA)4 oligonucleotide are continually shortened and eventually destroyed by prolonged treatment with BAL 31 nuclease. In contrast, repeated DNA stained with ethidium bromide in this gel showed little degradation due to BAL 31 digestion. Interna1 sequences complementary to the oligonucleotide probe, also seen in Figure 1 , were similarly resistant to degradation. We assume that the oligonucleotide probe recognizes all 20 maize telomeres and that the blur (as opposed to a discrete band) observed on these autoradiograms is due to heterogeneity in the length of the telomeres for a given genotype, as well as polymorphism of the subterminal sequences cleaved by the restriction endonucleases.
When DNAs of various maize inbreds were digested with a number of restriction enzymes possessing four base recognition sequences, patterns similar to those in Figure 2 were seen. The length of telomeres from inbreds CM37 and T232 DNA gel blots of these digests were probed with d(CCCTAAA) 4 . The sample on the left is the 0 time control, and subsequent samples were taken at 5-min intervals. Markers at the left indicate the lengths of Hindlll digested X DNA in kilobases.
was not resolved on this gel, but the average length of the telomeres of other inbreds varied between about 15 and 2 kb. The comparatively short length of inbred WF9 telomeres is not the result of DNA degradation because the pattern of repeated sequences on the ethidium bromide-stained gel prior to blotting was similar to that of other inbreds, and the nontelomeric internal sequences homologous to the d(CCCTAAA) 4 oligonucleotide were the same size as those in most of the other inbreds. We have examined a total of 22 inbreds and all fall between the extremes shown in Figure 2 . Their lengths are given in Table 1 . Overall, there is a 25-fold variation among these strains. Similar telomere lengths were observed when DNA was digested with 12 other restriction endonucleases having four or five base pair recognition sequences (Alul, Avail, BstNl, Fokl, Haelll, Hinfl, Hphl, Mnll, Rsal, Sau3AI, Sau96l, Taql) . None of the three 5-methylcytosine-sensitive enzymes (Fnu4HI, Mspl, and Ncil) we used digested the subtelomeric DNA. The telomeres themselves do not appear to be cleaved by any of these enzymes. These results suggest that penultimate to the telomere repeat is a region susceptible to digestion by a number of restriction enzymes that cleave DNA frequently.
To elucidate sequences proximal to the telomeres, we developed a strategy for cloning these regions that made use of the polymerase chain reaction. We took advantage of the fact that digestion of maize DNA with many four base recognition restriction enzymes produces mostly small fragments. This allows a significant enrichment of the higher molecular length telomeric DNA on preparative agarose gels. Telomeric DNA isolated in this fashion is presumed to have a small amount of the proximal sequence. If the enzyme employed produces a staggered cut, these fragments can be ligated together in a tail to tail fashion. We used the polymerase chain reaction to amplify the region between the telomeric repeats in the selfligated molecules joined via their proximal sequences. The telomeric repeats are presumed to be oriented such that the C-rich strand is oriented 5' to 3' from the end of the chromosome toward the centromere (Zakain, 1989) . The d(CCC-TAAA) 4 primer would therefore be expected to be the most efficient primer for amplifying from the self-ligated templates. It was, but the d(TTTAGGG) 4 primer was also able to amplify using these templates, albeit at somewhat lower efficiency. We have no evidence that maize telomeres are constituted of multiple repeats of the same heptanucleotide oriented in one direction. Only a smear of low molecular weight fragments was detected when the unligated isolated fragments were used as templates.
Two clones from the amplification of Avail digested and selfligated telomeres and one obtained by SauSA digestion were isolated and sequenced. Examination of the sequences presented in Figure 3 indicates that there is a second Avail site in the insert in pBF266 and a second SauSA site in the insert of pBF268. It is possible that in both cases one of the two sites was not cleaved in the preparation of the fragments prior to ligation. Recognition sites of the enzymes we successfully used to reveal telomeres on DNA gel blots, with the exception of Fokl and Hphl, were found to be present in at least one of these sequences. A number of repeated sequences are located within the three clones and these are listed in Table 2. It should be noted that one of the 122-bp repeats spans a potential junction site in pBF268. All three clones detect two major Ncol repeats of 1.1 and 0.8 kb, suggesting that they are parts of the same degenerately repeated family. We used the slot blotting technique (Rivin et al., 1986) to estimate copy number of the subtelomeric repeats hybridizing to nontelomeric sequences in pBF268. The results, presented in Table 3 , indicate the presence of 150 to 400 copies per haploid genome. Given the degenerate nature of the repeats, these are likely to be underestimates. Looking for RFLPs with a probe that hybridizes to afew hundred copies per genome could be difficult. We mitigated this problem by using enzymes that either digested the repeats frequently (8911, Ncol, or Nhel) or rarely (BamHI, Bgll, or EcoRI) so that the uninformative signals did not obscure the segregating bands. lnserts from pBF266, pBF267, and pBF268 were used to probe DNA blots to look for RFLPs. These sequences hybridize to a moderately repeated family and it was not difficult to find polymorphisms that segregated in either the TxCM or COxTx recombinant inbred families. We were able to map 13 of the 14 loci we scored. These loci are designated TAS (for Telomere Associafed Sequences). With two exceptions, that may possibly be centromeric locations, those that show linkage with previously mapped markers are linked to the termini of eight of the 20 chromosome arms. These are listed in Table   4 . Among these are pairs of RFLP loci on 7S, 2L, and 5s. We suspect that the common probe recognizes a sequence repeated a number of times on each chromosome arm.
If telomere length is under genetic control, this property should segregate in a population derived from two polymorphic parents. We probed the DNA of the COxTx recombinant inbred population (Burr et al., 1988) . Recombinant inbred DNAs from the seventh and eighth generations of selfing beyond the F2 were analyzed. The values from the two generations are very similar and have a correlation coefficient of 0.95. Figure  4 shows the results for half of this population from the eighth generation. Telomere lengths do not segregate as a simply inherited trait; rather, the size classes vary continuously as is characteristic of a multigenic trait. Sizesvary between lengths shorter than parenta1 inbred Tx303 to a few that are larger than inbred parent C0159.
In Figure 4 a weak band at 5.8 kb can be observed in some of the recombinant inbreds. This band is an interna1 sequence The recognition sequence used to generate the telomeric fragments prior to self-ligation and amplification is underlined. hybridizing to the d(CCCTAAA)4 probe; it is polymorphic in the COxTx population, and its presence or absence behaves as a unitary character. The 5.8-kb band maps to the locus BNL7Z77 at position 43 in the middle of chromosome arm 8L. A 2-kb Ddel band segregating in the TxCM population also maps to the same locus. More than one gene controlling telomere length is segregating for telomere length in the COxTx recombinant inbred family. Multiple regression by leaps and bounds (Romero-Severson et al., 1989) was used to determine which previously mapped markers were most tightly associated with telomere length.
In the most conservative model, two markers, GLN7 on 70s and BNL8.23 on 4L, accounted for 45% of the observed variation. The inclusion of a third marker, YNHPO on 7L, increased this to 50%. The probability of this model occurring by chance is less than 0.00001, and the individual probabilities that the three loci were obtained by chance are less than 0.001,0.010, and 0.055, respectively. The same telomere data have also been analyzed by interval mapping followed by simultaneous mapping by Knapp et al. (1992) . In their most conservative model, three regions accounted for 72% of the variation. Two of these intervals included YNHPO and GLN7; a third was localized on 4s. This is a trait with apparent high heritability and we presume that other marker loci were not detected. The COxTx family, with 41 members, is a relatively small population, and it is difficult to distinguish those loci that have a less significant effect from random nongenetic events. The regression model can be used to predict phenotype from genotype (Sokal and Rohlf, 1981) . The effects of GLN7, BNL8.23, and YNHPO were used to predict telomere lengths of the inbred parents Tx303 and C0159 and their F1 hybrid. The results, given in Table 5 , indicate that the loci linked to these two markers are excellent predictors of telomere length in this population. Examination of telomere length in F1 hybrids between inbreds with different lengths can tell us something about the additivity or dominance of the alleles affecting this trait. The results for hybrids between C0159 and Tx303, the parents of the recombinant inbred family in which telomere length was segregating, and between inbreds WF9 and 837 are presented in Figures 5A and 58 . F, hybrids of two additional crosses are listed in Table 1 . There are two points to be made about these results: the F1 hybrids have a discrete size; they are not a mixture of the parental bands. The bands are not necessarily intermediates of the parental types; in the cases of C0159 x Tx303 and WF9 x 837, they are the sizes of one or the other of the two parental bands.
DISCUSSION
We confirmed that the d(CCCTAAA)4 probe was directed to telomeres because the sequences recognized were highly sensitive to digestion by the BAL 31 exonuclease. Furthermore, We have attempted to key the coordinates of our molecular map to the well-established maize morphological map in which position O is defined by the most distal marker on the short arm. Because molecular markers extend the range of the map, we have had to resort to the use of negative numbers on the distal ends of most short arms.
Distance from the nearest marker mapped in the TxCM and COxTx recombinant inbred populations. DMA of the parents and half of the COxTx recombinant inbred family (Burr et al., 1988) was digested with Ddel, prepared for DMA gel blotting, and probed with d(CCCTAAA) 4 . At the top of the figure, Tx and CO refer to parental inbreds Tx303 and CO159; these are followed by the numbers of the individual recombinant inbreds. Length markers at the left are in kilobases.
probes developed from adjacent sequences detect loci (TAS) that map to the ends of our linkage maps. At the DNA level, maize is the most polymorphic species that has been studied (Evola et al., 1986; Shattuck-Eidens et al., 1990) . The considerable amount of variation in telomere length is undoubtedly another manifestation of the heterogeneous nature of the species. Although it is not strictly comparable-given the different mechanism of telomere synthesis-this result recalls the variability reported for copy number of repeated sequences between inbred lines of maize (Phillips, 1978; Riven et al., 1986) . Despite the variability between genotypes, copy number is stable within a genotype for telomeres and repetitive sequences. We have observed no phenotypic effect of the telomeric length polymorphism. Both WF9, the line that has the shortest telomeres measured in this study, and T232, one of the lines with the longest telomeres, are robust inbreds.
We were aided in this study by having the TxCM and COxTx recombinant inbred families (Burr et al., 1988) . These are permanent mapping populations that have been extensively mapped. The current data base contains more than 700 mapped markers. Mapping new, simply inherited loci is easily carried out (Burr et al., 1988) . The dense map also is useful for finding linkage with genes having major effects on quantitative traits. However, the COxTx population, which contains 41 members, is probably too circumscribed to detect with certainty those loci having a small effect on telomere length. We plan to examine an extended set of recombinant inbreds generated from the same two parents to verify or rule out the weakly acting loci that were detected.
One hypothesis current among quantitative geneticists is that genes affecting both quantitative and qualitative traits are part of the same spectrum. The same locus may have functional alleles, expressing quantitative variation, or null alleles having Mendelian inheritance (Robertson, 1985) . One can speculate about the nature of the loci we have identified. Given the special replicative process associated with telomeres, it is possible that we are observing variation in the levels of activity of genes or their products that are responsible for telomere synthesis or maintenance. Such mutations have been described in yeast (Carson and Hartwell, 1985; Lustig and Petes, 1986; Lundblad and Szostak, 1989; Lustig et al., 1990) . These mutations affect all telomeres coordinately. In fact, genetically determined differences in telomere length have been observed among yeast strains with telomeres that differed by 200 to 250 bp in length (Horowitzetal., 1984; Wamsley and Petes, 1985) . Diploids had intermediate lengths and meiotic progeny of these strains segregated for parental and intermediate telomere lengths, suggesting that two or more unmapped genes were segregating.
In the COxTx recombinant inbred population, we mapped three segregating loci with polymorphic alleles that affect telomere length. The parents must be homozygous for both positive and negative alleles at several loci because segregants in the recombinant inbred family have telomeres that are either larger or smaller than those of the parents. Because additive and dominance genetic effects appear to be the norm in maize quantitative inheritance (Sprague, 1983) , we expected the FT progeny, being heterozygous for both positive and negative alleles at all segregating loci, to have the most favorable combination of positive alleles and therefore exhibit longer telomeres than either parent. As shown in Figures 5A and 5B, however, this is not the case. The hybrid of CO159 x Tx303 has an average telomere length approximately the size of the parent with shorter telomeres, whereas that of WF9 x B37 is the size of the parent with long telomeres. In the former case, this may result from dominant negative effects of some parental alleles. The inbred WF9 has the shortest telomeres of the lines surveyed. If it has no positive alleles with respect to the loci that are polymorphic with B37 for telomere length, the F, result could be due to complete dominance of the B37 alleles. Despite the considerable polymorphism, telomere length is presumed to have high heritability because the lengths observed in two generations are very similar. Moreover, samples from individuals of the same genotype exhibit identical telomere lengths. The degree to which genotype influences telomere length is evidenced by the rapidity in which telomeres of FT hybrids come to a distinctive length. All of the DNA samples were prepared from newly expanded leaves taken from the upper part of the plant. Assuming equal cell division, we calculate that about 47 doublings are required to achieve a mature leaf from a zygote. Otto and Walbot (1990) estimated that there are about 20 generations between the zygote to apical meristem in the mature embryo. We calculate that another 27 doublings are needed to form a mature leaf: based on a yield of 1600 ng of DNA per leaf and 10 pg per diploid cell, there are 2 s7 cells per leaf. Thus, F, plants probably achieve their distinctive telomere lengths in less than 50 cell generations. In contrast, 100 to 150 generations are required for yeast mutants to reach the full extent of their expression on telomere length (Carson and Hartwell, 1985; Lustig and Petes, 1986; Lundblad and Szostak, 1989; Lustig et al., 1990) .
METHODS

Plant Material
Zea mays inbred lines and F, hybrids are listed below. The COxTx and TxCM recombinant inbred families have been described (Burr et al., 1988 
Source of Primers and Genomic DNA
The oligonucleotides used in this study are as follows: 5'-CCCTAA-ACCCTAAACCCTAAACCCTAAA-3', d(CCCTAAA) 4 ; 5'-CCCGGTACC-CTAAACCCTAAACCCTAAACCCTAAA-3', Kpn-d(CCCTAAA) 4 ; and 5'-TTTAGGGATTTGGGATTTGGGATTTGGG-3', d(TTTAGGG) 4 . They were synthesized on a MilliGen/Biosearch 8700 DNA Synthesizer at Brookhaven by W. Crockett. Genomic DNA was prepared (Burr and Burr, 1981) from developing upper leaves. In all cases, leaves from at least three plants were pooled to maximize the possibility of detecting heterozygosity where it was present in the inbred lines.
BAL 31 Digests
BAL 31 nuclease digests were done in 20 mM Tris, 8.3, 12 mM CaCI 2 , 200 mM NaCI, 8 units of enzyme and 50 ng DNA in 250 nL starting volume. Aliquots were withdrawn at 5-min intervals, and the reaction was terminated with EGTA as described by Allshire et al. (1989) . After heating at 72°C for 10 min, the time points were digested directly with Ddel (Bethesda Research Laboratories) after the buffer and [Mg 2+ ] had been adjusted according to the manufacturer's directions.
DNA Blotting and Nucleic Acid Hybridization
Restriction enzyme digests were electrophoresed on 0.6% neutral agarose at 1 v/cm (McDonell et al., 1977) with Hindlll-digested X DNA as molecular length markers. Larger telomeres were electrophoresed at the same voltage in 0.4°/o neutral agarose with recirculating buffer. In the latter case, molecular length markers were uncut bacteriophages T4, X, and T7, and Bglll-digested T7 DNA. The gels were blotted onto nitrocellulose (Burr et al., 1988) . The blots were hybridized (Devlin et al., 1989) with the oligonucleotide that had been 5' end labeled with polynucleotide kinase and Y-32 P-ATP.
Cloning and Sequencing of Subtelomeric Fragments
Tx303 DNA was digested with Avall or Sau3A and separated on a 0.6% low melting temperature agarose gel. The region of the gel corresponding to 9 to 11 kb was excised and the DNA was purified with Elutip-D (Schleicher and Schuell) columns. Purified DNA was allowed to selfligate overnight at 12.5%. Portions of the ligation reaction were added directly to a polymerase chain reaction in the presence of 0.2 pM d(CCCTAAA)4, in the case of the Avall ligation, or KP~-~(CCCTAAA)~, in the case of the Sau3A ligation. After 10 min at 94%, the reactions were subjected to 40 rounds of amplification at 95% for 30 sec, 51% for 1 min, and 2 min at 72OC. The products in the range of 560 to 430 bp from the Avall ligation were treated with the Klenow fragment of Escherichia coli DNA polymerase and ligated to Smal-digested and alkaline phosphatase-treated pT7/T3-19 or pT7n3a-18 (Bethesda Research Laboratories). The products from the Sau3A ligation and amplification were in the range of 600 to 460 bp. These were digested with Kpnl and ligated into Kpnl-digested and alkaline phosphatasetreated pT7n3a-19. Both strands were sequenced by the dideoxy nucleotide chain termination method using the Sequenase kit from United States Biochemical Corporation.
Quantitation of Subtelomeric Repeats
Genomic DNA was digested to completion with Ncol, and pBF268 was digested with EcoRl and Hindlll. These digests were denatured by dilution into 0.5 M NaOH with 0.125 mglmL salmon sperm DNA used as carrier. Genomic DNA (0.3 pg) and dilutions of 3 to 300 x 10-6 pmol plasmid were applied per slot in a Schleicher and Schuell SlotBlotter to a Nytran membrane. The blot was probed with an interna1 208-bp Sau3A fragment of pBF268 chosen to avoid telomeric h e p tanucleotide repeats. The autoradiogram was electronically imaged and areas of autoradiographic intensity were measured as described below.
Measurement of Molecular Lengths
X-ray films of telomere blots of the recombinant inbreds were electronically imaged (Freeman et ai., 1986) , and the number of average molecular lengths was calculated (Sutherland et al., 1987) .
Marker-Based Mapping of Factors Affecting Telomere Length
Telomere lengths from DNA from field-grown plants in 1987 and in 1989, which had been self-pollinated seven and eight times after the F2 generation, were subjected to all-subset linear regression by leaps and bounds (Romero-Severson et al., 1989 ) to identify a model containing a minimum number of markers that would account for the maximum amount of phenotypic variation. This model was refined by backward selection (Sokal and Rohlf, 1981) to identify that subset of markers with the most predictive power. The F statistic derived from the regression analysis gives a test of the significance of the model. F tests from differ-. ent models were compared to choose the best model. A t test of the partia1 regression coefficient indicates the significance of the effect of a marker locus within a model. Probabilities were calculated from the F and t statistics (Sokal and Rolf, 1981) .
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